Abstract: Calcium phosphate nanoparticles (CaPNP) have good biocompatibility and bioactivity inside human body. In this study, the interaction between CaPNP and human chorionic gonadotropin (hCG) was analyzed to determine the changes in the protein structure in the presence of CaPNP and the quantity of protein adsorbed on the CaPNP surface. The results showed a significant adsorption of hCG on the CaPNP nanoparticle surface. The optimal fit was achieved using the Sips isotherm equation with a maximum adsorption capacity of 68.23 µg/mg. The thermodynamic parameters, including ∆H° and ∆G°, of the adsorption process are positive, whereas ∆S° is negative. The circular dichroism results of the adsorption of hCG on CaPNP showed the changes in its secondary structure; such changes include the decomposition of α-helix strand and the increase in β-pleated sheet and random coil percentages. Fluorescence study indicated minimal changes in the tertiary structure near the microenvironment of the aromatic amino acids such as tyrosine and phenyl alanine caused by the interaction forces between the CaPNP and hCG protein. The desorption process showed that the quantity of the hCG desorbed significantly increases as temperature increases, which indicates the weak forces between hCG and the surface.
Introduction
Hormones are signaling molecules that traffic information from one cell to another and can be classified according to their chemical nature into peptides, proteins, and steroids (GARDNER and SHOBACK, 2011) . Human Chorionic gonadotropin (hCG) is a pregnancy hormone that maintains adequate levels of sex steroids synthesized by the corpus luteum until the placenta performs this function (STENMAN et al., 2008) . Furthermore, hCG acts as a gonad tropic molecule that functions on the ovaries to promote steroid synthesis (COLE, 2009 ). This hormone comprises of α-subunit that bound with β-subunit by ionic interactions and non-covalent hydrophobic (COLE, 2009; ZIN et al., 2010) . The interaction of specific proteins with nanoparticles (NPs) significantly improves clinical diagnosis, receptor-targeted delivery, in vivo gene delivery, and medical/cancer imaging. The development of biocompatible nanomaterials to enhance or modify bio-properties is the new challenge in the biotechnology field. These applications can be classified into four main categories: biomolecular interactions, application in drug and gene delivery (ZAMANI et al., 2013; JIN et al., 2014) , bioimaging (HOLGADO et al., 2014) , and biosensors design (CAO et al., 2012) . The use of calcium phosphate nanoparticles (CaPNP) as carriers of different molecules into cells depends on their stability in colloidal form by charged molecules or biopolymers (EPPLE et al., 2010) . CaPNP has excellent biocompatibility due to its chemical similarity to human bone tissues (EPPLE et al., 2010) . Therefore it used in many biological applications including gene delivery (ROY et al., 2003) , drug delivery (LIONG et al., 2008) , and as fluorescing probes (CHANE-CHING et al., 2007) . These uses involve the direct contact between CaPNP and body fluids. Therefore, understanding the possible effect of these NPs on the soluble proteins is very important for the safety of uses of CaPNP.
NPs provide a highly useful tool for studying protein-surface interactions. The high surface area and optical properties of these systems allow the ready application of circular dichroism (CD) methods (FENOGLIO et al., 2011) . CD spectroscopy efficiently determines the folding of protein and characterizes its secondary and tertiary structures, as well as the structural family to which it belongs. CD is a valuable technique to monitor the induced conformational changes in the macromolecular structures (RANJBAR and GILL 2009; HOIDY et al., 2010) . Moreover, secondary structure can be determined via CD spectroscopy at a wavelength range of 190-250 nm. In this study, a comprehensive investigation was carried out to determine the interaction between hCG hormone and CaPNP and the possible effects of this interaction on the protein structures.
Materials and methods

2.1Preparation of NPs
CaPNP: Ca 3 (PO 4 ) 2 with a particle size of ~25 was synthesized according to the method of LIU et al. (2010) . Briefly, 352.8 mg of CaCl 2 .2H 2 O was added to 20 ml of water and then mixed with 20ml of a solution containing 172.8 mg of NaH 2 PO 4 . The two solutions were stirred vigorously and heated to 85°C. Subsequently, 40ml of ammonium hydroxide solution (28 %) was added. The mixture was stored at 85°C for 24 hours. The expected yield of Ca 3 (PO 4 ) 2 NPs is 248 mg.
Interaction of hCG hormone with CaPNP
Briefly, 10 mg/ml CaPNP were dispersed in 40 ml of PBS buffer to obtain a concentration of 0.25 mg/ml. The mixture was mixed and ultrasonicated for 10 min twice. The following hCG concentrations were prepared in phosphate buffer: 36, 32, 28, 24, 20, 16, 12 , and 8 µg/ml. Subsequently, 500 μl of the Ca 3 (PO 4 ) 2 nanoparticle suspension was mixed with 0.5ml of the different concentrations of hCG solution supplied by Sigma-Aldrich Co. The mixture was stirred for 30 min at different temperatures (15, 25, 35, and 45°C) . The mixture was ultracentrifuged at 20 000 rpm. The supernatant was separated, and the hCG concentration in the solution was determined using a ready-to-use ELISA kit supplied by Monobind ® Co. USA. Isotherms were constructed between the hCG concentration in the solution at equilibrium (C e ) and the amount of the hCG adsorbed on the NPs (Q e ). The amount of the hCG hormone adsorbed was calculated using the following equation:
where Q e : amount of adsorption (µg/g), C o : initial concentration (µg/ml), C e : concentration at equilibrium (µg/ml), m: weight of adsorbent (mg), and V: volume of solution (ml).
Isotherms were analyzed to determine the optimal equation applicable for practical results. Thermodynamic parameters (∆H°, ∆S°, and ∆G°) were initially calculated using the Vant-Hoff's equation (JACKSON, 2006) :
where ∆H°: enthalpy in reaction, K e : maximum amount adsorbed, R: gas constant = 8.314 J/mol.K. By plotting ln K e against 1/T, a straight line should be formed with a slope of -∆H°/R.
To calculate the free energy change (∆G°) of the adsorption process at a specific temperature, the equilibrium constant of the adsorption-desorption process of hCG on the CaPNP was calculated:
where Keq: equilibrium constant, Q e : adsorption amount (µg/mg), M: mass of nanoparticle (mg), C e : concentration of hCG at equilibrium (µg/ml), and V: volume of solution (ml). Gibbs free energy change can be calculated from the following equation (JACKSON 2006; ZHANG et al., 2008) :
Entropy (∆S°) can be calculated from the following formula:
All experiments were repeated three times and the mean of the results were taken.
Preparation of nanoparticle-hCG for TEM imaging
The nanoparticle-hCG sample for TEM was prepared by adding 0.3 mg/ml hCG to 1 mg/ml NPs to form a monolayer of the hormone on the NPs. After adsorption, 5 μL of the solution was placed on a copper grid and then left to dry for 2 minutes.
Subsequently, 5μl of the negative stain (2% uranyl acetate in dry weight) was added and left to dry for one hour. The images were then obtained.
Dynamic light scattering (DLS) method
The particle size distribution of the CaPNP powders was determined using DLS (90 Plus particle size, Brookhaven Instruments, USA) at 25°C.
Fluorescence method
Fluorescence spectra were scanned between 250 and 450 nm after excitation at 262 nm at room temperature. Excitation and emission slits were set to 5 nm.
Preparation of samples for CD study
The CD spectra of the 30 μM free or immobilized hCG in 50mM phosphate buffer (pH = 7.4) were obtained using a 1-mm Spectrosil quartz cuvette (Starna Cells) and a Jasco CD spectrometer at 20°C. Three scans were averaged using Chirascan Pro-Data Viewer software. Thermal stability was examined by monitoring the changes in ellipticity at 220 nm as a function of temperature.
CD spectra were explained by the online project called K2D2, which was developed by PEREZ-IRATXETA et al., (2008) . K2D2 can be accessed at K2D2 web site (http://www.ogic.ca/projects/k2d2/). K2D2 inputs a CD spectrum outputs the estimated α-helix and β-strand content of the corresponding protein and the estimated measure of error.
Desorption process
The percentages of the quantities of the hCG desorbed on the surface of the CaPNP surface were measured, as described previously AL-HAKEIM et al. (2014) , by dividing the quantity released into 1 mL of solvent = (C e /1) on the adsorbed quantity of hCG on 0.125 mg of the CaPNP surfaces = (Q e /0.125); thus:
Desorption processes were carried out at different temperatures (288, 298, 308, and 318°K) by adding 1 ml of the buffer to the hCG-CaPNP precipitate. Desorption (%) was then calculated.
Results and discussion
Preparation and identification of CaPNP
CaPNP was prepared in an aqueous environment. Most NPs are prepared in an aqueous solution to complete the nucleation and crystal growth processes (FINNEY and FINKE, 2008; BONEVICH, 2010) . The particle morphology and the microstructure of the synthesized CaPNP were examined via TEM by using the highly diluted samples prepared by dispersing and sonicating small amounts of powder in 100% ethanol. The images of CaPNP were obtained using an accelerating voltage of 200-keV field-emission analytical TEM equipped with an Oxford energy-dispersive X-ray spectrometer (EDS) and a charge-coupled camera (Gatan 794CCD). The dimensions and the shape of NPs were estimated using a program incorporated in the TEM device. The shape of the particle was sliced with dimensions equal to 65 nm × 24 nm), as shown in Fig. 1 . EDS can be used to determine the chemical composition of the materials and to plot the elements of composition maps to provide the fundamental compositional information for various materials (MOFFET et al., 2010) . A typical EDS spectrum is represented as a plot of energy (in keV) versus X-ray counts. The interaction of an electron beam with NPs produces various emissions, including X-rays. Energy peaks correspond to the various elements in the sample. The EDS results of CaPNP are shown in Fig. 2 .
The data from EDS indicates that the percentage of Ca is equal to 72.59% ± 2.02%, whereas that of P is 27.41% ± 1.53%. This result confirms the conformation of CaPNP.
hCG interaction with CaPNP
The incubation of hCG with CaPNP decreases the hCG concentration in the solution, which indicates that some hormones are bound to the nanoparticle surface with different surface phenomena, namely, adsorption processes. Adsorption refers to the accumulation of a dissolved solute onto the surface of a solid-adsorbing material. Adsorption is achieved by establishing a contact between the solution and the adsorbing material (adsorbent). The adsorbed substance is called adsorbate, whereas the surface that adsorbs this substance is called adsorbent. Adsorption is classified into chemical (chemisorption) and physical (Van der Waals adsorption) (UMOREN et al., 2013) .
The energy distribution of the adsorption of protein on the NPs shows a heterogeneous behavior. This behavior results from the surface heterogeneity and the lateral effect between the adsorbed molecules. The Sips isotherm model is a combination of the Freundlich and Langmuir isotherm-type models and describes the heterogeneous surface more accurately .
The Sips isotherm approaches the Freundlich isotherm at low adsorbate concentrations, whereas approaches the Langmuir isotherm at high concentrations. K s is a Sips constant related to the energy of adsorption, and parameter (t) is the parameter characterizing the system heterogeneity (AHMED and DHEDAN, 2012; MONEMTABARY et al., 2013) . The adsorption isotherms of the different hCG concentrations from aqueous solutions on a constant weight of CaPNP at 25 °C and pH 7.4 are plotted in Fig. 3 .
This figure showed the successful prediction of the hCG hormone adsorption isotherm data using the Sips isotherm. The fitting of the Sips equation for the adsorption isotherm of the hCG hormone adsorption on CaPNP is consistent with the general finding in the ability of sips equation to explain the adsorption of proteins on different NPs (LIU et al., 2010) . Other studies confirmed the ability of the Sips isotherm to predict the adsorption of large molecules and proteins on the surface of NPs (AHMED and DHEDAN 2012; KUMAR et al., 2011) . The adsorption of protein on NPs is the first step of a complex series of biophysical and biochemical processes that determine the biocompatibility of the material. Adsorption is affected by many factors, including shape, energy, and functional group of the NPs surface and protein properties (charge distribution, net charge and hydrogen bonding) . The present findings demonstrated the heterogeneous adsorption behavior of hCG on CaPNP. Heterogeneity is a general feature of the surface properties caused by different unsaturation of a sorption on the sites leading to their different energetic characteristics. Surface imperfection and the presence of impurities are thus important; different types of adsorption forces on different active sites resulting in the creation of clusters or assemblies of adsorption molecules on the surface . The Sips model for heterogeneous adsorption produces three important constants, which describe the maximum adsorption amount (Q m ), K s , and t. These constants can be estimated as part of the fitting exercise but can also be used to determine the parameters affected by the general shape of the molecule (TOTH, 2002) . The three constants extracted from the adsorption isotherm of hCG on CaPNP are Q m = 68.2 µg/mg, t = 2.4, and K s = 0.2.
The Sips equation is also used to model the cooperative adsorption among the adsorbed macromolecules. The t value for CaPNP is higher than 1 that represents a favorable adsorption condition; thus, the adsorbed hCG affects the adsorption of other hCG molecules. The magnitude of t has been linked to the factors affecting heterogeneous adsorption. At 0 < t < 1, heterogeneity is linked to the variations in the solid surface. When the adsorbed molecule has a strong affinity to other adsorbent molecules (a positive cooperative effect), t is higher than 1 (TOTH, 2002) . This mechanism is consistent with the low hCG adsorption at low solution concentrations followed by a rapid increase. This lateral effect (positive cooperative effect) is also consistent with the energy site distribution analysis in many studies (TOTH, 2002; AHMED and DHEDAN 2012) .
Morphology of the immobilized hCG on CaPNP
The morphologies of the hCG adsorbed on the surface of the CaPNP are presented in Fig. 4 . The figure shows several interesting conclusions, particularly in the formation of the hCG layers on the surface of CaPNP. Furthermore, CaPNP aggregate with each other after hCG adsorption, which indicates the cement-like action of the adsorbed layer of hCG and the cooperative interaction among the adsorbed hCG molecules. This finding indicates the high possibility of forming more the one adsorbed layer of hCG on the surface of CaPNP. The interaction of the adsorbed hCG molecules with each other indicates that more adsorbed solutes results in easier accumulation of the additional amounts. This finding suggests a lateral association among the adsorbed molecules that holds them on the surface. This process is called "cooperative adsorption" (SHEMETOV et al., 2012) . The adsorption of proteins onto CaPNP is interesting because the interaction between proteins and CaPNP is fundamental to understand biomineralization. A higher concentration of protein on the surface indicates that more proteins are adsorbed on the NPs surface and make the protein molecules easy to interact laterally (FEI and PERRETT, 2009 ). The effective forces among the adsorbed protein molecules are stronger and more long-ranged than that in the solution; thus, the protein molecules aggregate on the surface but in the bulk at similar conditions (NEOGI and WANG, 2011) . These explanations may be applied for the adsorption process of hCG on the surfaces of CaPNP.
Thermodynamics of the interaction between hCG and NP
The thermodynamic data (changes in enthalpy (ΔH), entropy (ΔS), and free energy (ΔG)) obtained from all protein NPs interactions can be used to detect the nature of the interaction due the fact that thermodynamics regulates most aspects of biomolecular interactions. The heat of adsorption (ΔH°) provides a direct measure of the strength of the binding forces between the adsorbate molecules and the surface of the adsorbent. To analyze the thermodynamics of the adsorption of hCG on CaPNP, adsorption processes were performed at different temperatures (288, 298, 308, and 318°K) by using 18 μg/ml hCG hormone and 0.125 mg/mL CaPNP. The results of adsorption at different temperatures are demonstrated in Table 1 . The results showed that the amount of adsorption slightly increases with the increase in temperature. The plotting of Vant-Hoff's equation for the adsorption process is presented in Fig. 5 . The positive value of ∆H° (7.45 kJ/mol) indicates that the adsorption process is endothermic. The adsorption of protein to a surface may induce conformational changes in the protein. The degree of conformational changes is determined with the combination of the native stability of a protein, the hydrophobicity and charges of the protein, and the sorbent surface. Protein adsorption can be driven by conformational entropy changes, particularly if the adsorption is endothermic (CZESLIK et al., 2002) .
Other research found that the adsorption capacity of protein increases with increasing temperature, which indicates an endothermic process. The values of the changes in free energy and entropy are presented in Table 2 . Table 2 . Thermodynamic parameters of hCG adsorption on CaPNP at four different temperatures.
Thermodynamic quantities reveal that hCG-NPs complexes involve electrostatic interaction and other non-covalent forces, including hydrophobic, hydrogen bonding, and π-π interaction obtained from the surface functional groups of the NPs (DE, 2009 ). Adsorption energy is consistent with the adsorption energy derived as the sum of the electrostatic and Van der Waals forces as seen previously (ADAMCZYK et al., 2011) . The stability of the adsorption system (hCG-NP) depends on the equilibrium between the entropy and enthalpy change on adsorption.
CD spectroscopy
The CD spectrum of hCG was analyzed to obtain the secondary structural topographies, such as the percentage of α-helical, β-sheet, or random coil regions. At the CD conditions the most important chromophore in the protein molecules is the peptide bond. The spectra of the hCG molecules in the far-UV regions are dominated by the transitions of the amide groups (π → π* and n/π*) and are affected by the morphology and the environment of the polypeptide skeleton which reflects the different types of secondary structures (ZHANG et al., 2008) . The CD signal is strong for α-helix but weak for β-sheets. CD is very useful for estimation the changes in the conformation of proteins at different environments. The CD spectra for the free hCG hormone and the hCG bound with CaPNP are provided in Fig. 6 .
After the CD spectra of the free and nanoparticle-immobilized hCG were analyzed by the K2D2 server, the obtained results are listed in Table 3 . The secondary structure of the free hCG consist of 84.27 % α-helix and 1.24 % β-sheet; after binding to CaPNP, the secondary structure of the immobilized hCG consists of 67 % α-helix and 3.24 % β-sheet. These results indicate that β-sheet (+2 %) and random coils (+14.82 %) increase, whereas α-helix decreases by −16.82 %, which estimated a high interference between the hCG molecules and the surface of CaPNP. Moreover, these changes indicate the presence of more than one interaction site between the hCG molecule and the surface; the sites interact with α domains, whereas the other site with β-domains. Other research showed similar conclusion regarding the decrease in α-helix percentage, which affects the bioactivity of the adsorbed molecules (SHIRAZI et al., 2013) .
The change in the protein structure after the interaction of the protein molecule with the NPs surface depends mainly on the type and properties of the NPs surface. A study showed that the secondary structure of glucose oxide enzyme (protein) changes after adsorption on the nanoparticle surface, whereas maintains its native structure when adsorbed on other type of NP (ZHAOA et al., 2013) . Another factor that affects the interaction between the hCG and NPs is the differences in the particle curvature, which significantly affects the amount of hCG adsorption and subsequent changes in its secondary structure. As the size of the nanostructure decreases, the curvature of NP increases. Therefore, in the smaller nanostructures, only a small part of the approaching molecule are attached with the absorbent surface and thus results in less interaction with the protein. Larger NPs allow the formation of larger contact surfaces and thus cause larger changes in the secondary structure of the protein upon binding (LUNDQVIST et al., 2004) .
The CD spectra in Fig. 6 and Table 3 is due mainly to the α-helix structure, which shows a large peak at 208 nm, whereas the β-sheet percentage of hCG is very low with unrecognized peak around the common wavelength of β-sheet (216-220 nm). The amide chromophore of the peptide bond dominates the CD spectra of the proteins at lower than 250 nm. The transition n/π* is electrically prohibited but magnetically permitted; this transition is primarily responsible for the negative bands at 222 nm, which is the characteristic of the α-helix spectrum, and at 216-218 nm, which is the characteristics of the β-sheet spectrum. The transitions n/π* and π → π* are primarily responsible for the negative band at 208 nm and the positive band around 190 nm, which are the characteristics of the α-helix spectrum, as well as for the positive band at 198 nm, which is the characteristic of the β-sheet spectrum (KHAN et al., 2012) . CD provides very good information about the residue fractions in the secondary structure involved in α-helix, β-sheet, or random coils (CHAUDHURI et al., 2011) . CD also provides important additional information on the effect of temperature on the secondary structure of the proteins (CORRÊA and RAMOS, 2009) . Another useful function of CD is molar ellipticity, which is plotted in Fig. 7 . Molar ellipticity is useful for comparing the results of the present study with those of different studies; thus, molarity should be considered in this case. The molar ellipticity of hCG showed the same general conclusion regarding the changes in the secondary structure of hCG when adsorbed on the surface of CaPNP. The affected secondary structures depend on the changes in their orientation and indicate the structural changes within a protein molecule. Structural changes, in which the secondary and/or tertiary structure of the protein changes because of adsorption or desorption, have been observed. These changes could be a substantial driving force for adsorption. The three dimensional structure of hCG is well determined by LAPTHORN et al., (1994) and WU et al., (1994) . The disulphide bonds and all covalent bonds, determined by these studies, are not changed after adsorption on the surface of NPs. These results extracted from the thermodynamic values that showed relatively low free energy change and from desorption ratios.
Fluorescence spectroscopy
As shown in Fig. 8 , the intrinsic fluorescence spectrum was different between the free hCG and hCG-CaPNP. Valuable information regarding the local environment and the tertiary conformational variations can be achieved via fluorescence spectroscopy. The fluorescence emission spectra of the protein is produced from the contribution of the aromatic amino acids, including tryptophan, tyrosine, and phenylalanine, and the intrinsic fluorescence of the proteins are highly sensitive to their surrounding environment. This difference can be explained through the significant changes in the microenvironment of aromatic residues after adsorption on the surface of CaPNP through different forces. The hCG used in the present experiment is a tryptophan-free protein, hence the decrease in the fluorescence signal in the fluorescent spectrum is due mainly to tyrosine and phenyl alanine. In a protein containing the three fluorescent amino acids, detecting tyrosine and phenylalanine fluorescence is complicated because of the interference by tryptophan with resonance energy transfer and the weak signal of phenylalanine (CORRÊA and RAMOS, 2009) . Therefore, the application of tyrosine and phenylalanine fluorescence is limited to tryptophan-free proteins, such as the hCG in the present work.
Desorption of protein on the surface
Desorption refers to the dissociation of the surface-molecule bonds, and the molecule leaves the surface to the bulk. The quantity desorbed with a suitable solvent may refer to the type of interaction between the adsorbent and adsorbate. The values of desorption (%) of hCG from CaPNP at four different temperatures are provided in Fig. 9 . Fig. 9 shows that the quantity desorbed depends on temperature; thus, the quantity increases as the temperature increases. Generally, when the quantity desorbed is high, the adsorption forces are weak and thus the linkage between the adsorbent and adsorbate can be easily broken. The adsorption of protein on the hydrophobic surfaces is mostly irreversible (MILLER et al., 2005) . Hence, when a layer of the adsorbed protein is in contact with a solvent or buffer, no (or only small) desorption can be observed over experimental time scales. This finding is a direct consequence of the large number of interactions that a protein can arrange with the functional groups of a given surface. All bonds between the adsorbed protein and the surface should be damaged to allow desorption. The activation energy for such process may be very high, rendering a constant but low desorption rate that depends strongly on the protein, surface, and buffer used (CAMARERO et al., 2004) . Desorption is high when the adsorbed quantity is high because of the heterogeneous part of the adsorbent surface (the less favorable protein adsorption sites are desorbed first) (MILLER et al., 2005) . The desorption of hCG from CaPNP depends on temperature, that is, the quantity of the hCG desorbed increases as temperature increases. This phenomenon may be due to the weak forces between hCG molecules and the nanoparticle surface; such forces can be broken by increasing the temperature. Another phenomenon is due to the increase in the kinetic energy of the adsorbed molecule until the energy is higher than the forces of interaction with the surface of the NPs. Other authors showed a similar desorption behavior (Mansur et al., 2001; Van der Veen et al., 2007) .
Conclusion
The interaction between hCG and CaPNP is mainly caused by the adsorption phenomenon that obeyed the Sips isotherm. The adsorption of hCG changes the secondary and tertiary protein structures and subsequently changes the biological activity of the protein. Hence, the interaction between other NPs used in vivo with different human proteins should be evaluated prior to use.
